Abstract. Parkinson's disease is a common neurodegenerative disorder whose aetiology is not yet fully understood. In the past ten years, the discovery of genes linked to hereditary forms of the disease has impelled the development of animal models. These should lead to the identification of novel pathways that provide insight into the functionality of the proteins involved and the pathogenesis of the sporadic forms of the disease. In particular, loss-of-function mutations in the parkin and PINK1 (phosphatase and tensin homolog (PTEN)-induced kinase 1) genes account for most of the cases of familial autosomal recessive parkinsonism. Both parkin and PINK1 knockout rodent models are now available, which display an overall mild phenotype consisting of a mitochondrial dysfunction together with changes in dopamine metabolism and oxidative stress. However, up till now these models fail to reproduce the main hallmarks of Parkinson's disease: the dopaminergic cell loss in the substantia nigra and the presence of cytoplasmic inclusions, named Lewy bodies, in the remaining dopaminergic neurons. We here review the most important knockout and knockdown rodent models generated so far for these two recessive Parkinson's disease-causing genes. We critically feature their main characteristics and their impact on the research field, and propose some future directions for the study and modelling of the loss of function of parkin and PINK1 in rodents.
INTRODUCTION
Parkinson's disease (PD) is the most common neurodegenerative movement disorder. It affects more than 1% of the population aged over 65 years old and has a mean age of onset between 60 and 70 years old, although 5 to 10% of the PD patients are younger than 50 years old [1] . Currently, the number of patients suffering from the disease is 4.6 million people worldwide and it is expected to double in the coming thirty years [2] . Clinically, the diagnosis of PD is based on the presence of symptoms such as bradykinesia, 1 These authors contributed equally to this work. cogwheel rigidity, resting tremor and postural instability. The neuropathology observed post-mortem in these patients comprises both the neurodegeneration in a specific region of the brain involved in motor control, the substantia nigra (SN) pars compacta, and the prevalence of proteinaceous cytoplasmic inclusions called Lewy bodies (LBs). However, other brain regions are also affected during the progression of the disease, which probably account for other non-motor PD symptoms such as sleep disturbance, depression and psychosis [3, 4] . As neurodegenerative disorders are predominantly sporadic, the hereditary component of PD was long denied. However, in 1997 Polymeropoulos et al. documented the presence of a missense mutation in the SNCA gene as a cause of autosomal dominant familial PD [5] . Subsequently, the possible link between sporadic and hereditary PD forms was strengthened by the discovery of ␣-synuclein as the main component of LBs in sporadic cases of PD [6] . Over the past decade, research on PD has increased tremendously by the identification of more genes that are linked to rare familial forms of the disease. These inherited forms account for 5 to 10% of the total number of PD patients and cause in most cases early-onset (<50 years old at onset) disease. Whole locus multiplications in the SNCA gene and mutations in the leucine-rich repeat kinase 2 (LRRK2) gene account for most of the cases of autosomal dominant familial PD. Furthermore, lossof-function mutations in the parkin, PINK1 and DJ-1 genes lead to hereditary autosomal recessive juvenile PD (AR-JPD). Other minority genes, whose link to PD is still confusing, have recently been reported as a result of genome-wide association studies [7, 8] .
The molecular aetiology of PD remains unclear. Protein misfolding and proteasomal deficiency, as well as mitochondrial dysfunction and oxidative stress, are thought to be the main phenomena leading to dopaminergic cell death in the SN. However, it is not yet fully known whether all these different pathways and proteins related to PD interplay, although several lines of evidence suggest a similar mechanistic route leading to PD in both idiopathic and familial forms of the disease. For this reason, it is relevant to deep into the molecular basis of the familial forms in order to better understand the pathogenesis of the more common sporadic forms of the disease. Parkin was very early on identified as an E3-ubiquitin ligase which led to the initial hypothesis that parkin played a role in proteasomal degradation of several target proteins, thereby reducing unfolded protein stress-induced cell death [9, 10] . However, more recent findings have highlighted a role for parkin, in combination with PINK1, in mitophagy, where mitochondrial integrity is maintained through selective autophagic clearance of damaged mitochondria [11, 12] . PINK1 is a mitochondrial kinase and most pathogenic mutations in the PINK1 gene have been shown to cause down-regulation of its kinase activity [13] .
The two PD-associated proteins appear to play a crucial role in mitophagy, an organellar quality control to ensure the mitochondrial structural unity (reviewed in [14] [15] [16] [17] ). Loss of mitochondrial membrane potential results in stabilization of the PINK1 protein, selective accumulation in depolarized mitochondria and translocation of parkin from the cytosol to the mitochondria. PD-associated parkin and PINK1 mutations have been demonstrated to abrogate this mitophagic pathway at distinct steps [18] . The translocation of parkin by PINK1 to these damaged mitochondria has recently been shown to activate the ubiquitin-proteasome system (UPS) resulting in widespread degradation of mitochondrial surface proteins, prior to autophagic clearance, thereby providing a causal and temporal link between the UPS and mitophagy [19] [20] [21] .
However, many questions remain unanswered in the field such as the exact mechanism leading to PINK1 accumulation upon depolarization, the characteristics of the PINK1/parkin interaction and the implications of mitophagy in neurodegeneration. Hence, the development of animal models that recapitulate the pathological features present in human patients is now of uttermost importance to gain insight into the functionality of the proteins involved and the pathogenesis of idiopathic PD. Up till now, there have been several attempts to generate PD animal models but, somewhat surprisingly, most of these models have failed to display the main hallmarks of the disease. We here review the most relevant rodent models developed so far for parkin and PINK1 null mutations and their relevance for the understanding of PD's neurodegenerative mechanisms.
PARKIN
The parkin gene was the second gene to be linked to PD after the SNCA gene. It corresponds to the PARK2 locus that was mapped to chromosome 6q25.2-27 in 1997 [22] . One year later, Kitada et al. identified the gene and named it parkin, which is encoded by 12 exons spanning 1.53 Mb [23] . It is expressed in various human tissues, including brain, heart, testis and skeletal muscle. In the brain, parkin is present in many regions, including the SN. The parkin protein has 465 amino acids with a predicted molecular weight of 52 kDa and functions as an E3-ubiquitin ligase. It contains an N-terminal ubiquitin-like domain and a C-terminal end characterized by two Zn 2+ -binding RING (really interesting new gene) domains separated by an In-Between-RING domain [9] . Recently, a novel Zn 2+ -binding domain was discovered upstream of the RING1 domain, named RING0 [24] .
An estimated 50% frequency of loss-of-function mutations in parkin has been reported in AR-JPD whereas their prevalence in early-onset PD forms without clear family history is around 15% [25, 26] . The first mutations found in the parkin gene were described in Japanese patients carrying vast homozygous deletions of exons 3 to 7 or exon 4 alone [23] . In the last decade, a large variety of mutations has been identified throughout all the domains of parkin. These mutations include deletions and multiplications of one or several exons, as well as point mutations, missense and nonsense mutations, and splice site mutations [27] . Data on neuropathological studies of patients with AR-JPD due to parkin mutations are limited and conflicting. In all cases, there is a loss of pigmented neurons in the SN and in the locus coeruleus, but most described cases lack ␣-synuclein-positive inclusions in the SN [28] [29] [30] [31] [32] [33] . Only in a few cases LBs were found [34, 35] . In one patient, LB-like inclusions were found in the lumbar spinal motor neurons, but not in the SN [36] . The reason for this scarce synucleinopathy in parkin patients has so far not been resolved.
Generation of parkin loss-of-function rodents
Knocking out the function of parkin in mice has been accomplished by genetic deletion of exon 2, exon 3 or exon 7, all resulting in the absence of parkin protein expression (Table 1) . The different knockout mice were created using a similar strategy for the different strains: the targeted gene region was replaced by a selection cassette through homologous recombination in embryonic stem cells.
Exon 2 was chosen as a target because it encodes most of the functionally important ubiquitin-like domain and mutations in this exon have been reported in patients with AR-JPD [27, 37] . Two mouse lines with a deletion of exon 2 were described [37, 38] . Perez et al. generated a mouse strain on a mixed C57BL6/129S4 genetic background and, in parallel, a coisogenic mutated mouse line was created on a 129S4 genetic background [37] . Sato et al. injected TT2 embryonic stem cells carrying the desired homologous recombination into C57BL/6J blastocysts and chimeric offspring was further crossed with C57BL/6J mice [38] .
Different groups generated parkin-deficient mouse lines with a deletion of exon 3 since deletion mutations in this exon are common in AR-JPD [39] [40] [41] [42] [43] [44] . Itier et al. established breeding colonies on a 129Sv background and on a 50/50% mixed 129SV/C57BL6 background [39] whereas two other groups generated mice lacking exon 3 on a mixed C57BL6/129SV background of unspecified proportions [40, 41] . Zhu et al. described parkin null mice with a mixed genetic background of 94% C57BL6 and 6% 129SvJ [42] .
Exon 7 encodes the first RING finger domain of parkin, a region where several disease-associated point mutations are clustered [40, 44] . Only one group reported a mouse line with a targeted disruption of exon 7 [45] . The deletion was established by introduction of a targeting cassette containing exon 7 flanked by LoxP sites and subsequent Cre-mediated recombination. No information on the primary background of these mice was provided.
Very recently, the same group reported the generation of a conditional parkin knockout mouse using a combination of transgenic and viral vector technology [46] . Stereotactic injection of a Green Fluorescent Protein (GFP)-fused Cre recombinase expressing lentiviral vector (Lenti-GFPCre) in the SN of 6-8 weeks old mice in which exon 7 was flanked by loxP sites (parkin Flx/Flx ) resulted in the deletion of exon 7 and in the absence of parkin protein in the ventral midbrain. Parkin Flx/Flx animals injected with a lentiviral vector expressing GFP (Lenti-GFP) were used as a control.
The quaking viable (qk v ) mouse has been known for almost five decades and has been studied as a model for demyelination of the central nervous system [47] . These mice have a large spontaneous deletion of approximately 1 Mb in chromosome 17, which leads to tremor and tonic-clonic seizures in homozygotes. Recently, it was discovered that the parkin gene and the parkin co-regulated gene lie within this deletion, resulting in a lack of parkin protein expression [48, 49] .
General health, neuroanatomy and morphology
Overall, no difference in general appearance, morbidity or mortality was observed between wild-type and parkin-deficient mice up to 24 months of age. However, one group reported an increase in mortality compared to age-matched control littermates [50] . In addition, these aged mice showed abnormal postures, with a dorsal kyphosis (outward curvature of the thoracic spine) and focal hair loss.
Three exon 3-deleted mouse lines displayed a significantly reduced body weight [39, 51, 52] , that was concomitant with a decreased body temperature in one of these studies [39] . In addition, the average body weight of knockout mice with a mixed C57BL6/129S4 background described by Perez et al. was decreased compared to controls at 6 months of age but not younger or older [37] . However, this was not the case for mice with a 129S4 genetic background generated by the same group.
Gross examination of the brains of the different knockout mice revealed no major changes in brain morphology, weight and size. The majority of the parkin null mice presented a normal structure of the dopaminergic neurons in the SN. No loss of tyrosine hydroxylase (TH)-positive neurons in the SN or in their striatal projections was detected up to 24 months of age. Surprisingly, in 2007 one group reported a 35% loss of TH-positive neurons in the SN of 24-monthold knockout mice [50] . Those parkin null mice were created by intercross of heterozygous exon-3 deleted mice generated by Itier et al. [39] . However, this finding was not reported in the first publication of Itier and colleagues in 2003 and has not been reproduced in later publications.
The number and anatomy of the noradrenergic neurons in the locus coeruleus appeared normal in the exon 3-and exon 2-deleted mouse lines, contrary to the exon 7-deleted line where mice showed a reduction of approximately 20% in the number of THimmunoreactive neurons in the locus coeruleus. This loss of neurons was noticed in both young (2 months old) and old (12-18 months old) animals and did not appear progressive. However, this phenotype was not present in the whole population: around 30% of the parkin null mice had the same number of TH-positive neurons in the SN as the wild-type mice. Furthermore, neurochemical analysis revealed a reduced concentration of noradrenaline in the olfactory bulb and the spinal cord, two regions that are innervated by noradrenergic neurons in the locus coeruleus [45] .
Interestingly, the conditional knockout of parkin in adult animals led to approximately 40% loss of THpositive neurons in the SN at 10 months after the stereotactic injection of Lenti-GFPCre in parkin Flx/Flx mice compared to control mice injected with Lenti-GFP. Since there was no loss of dopaminergic neurons after 3 months, this loss was reported to be progressive [46] . The most likely explanation for this loss of dopaminergic neurons by adult local knockout of parkin is the avoidance of potential compensatory mechanisms occurring in traditional transgenesis. Of course, the effect of a second stressor due to the use of viral vectors or to overexpression of the C-protein cannot be completely ruled out, although the fact that the dopaminergic cell loss could be rescued by coinjection of a second lentiviral vector pleads against this.
Neurotransmission systems and metabolism
Very subtle changes in the nigrostriatal dopamine neurotransmission system and dopamine metabolism have been shown in parkin-deficient mice, but discrepancies between the different mouse lines make it difficult to draw conclusions.
High-performance liquid chromatography quantification of striatal tissue of the different mouse lines revealed normal levels of dopamine in parkin knockout mice aged 6 to 24 months. However, an increase in dopamine levels in the SN was reported in mice at 12 months old [38] . Furthermore, Itier and colleagues showed a similar increase in the limbic regions of 11-month-old knockout mice. The striatal levels of the major dopamine metabolites, dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), have repeatedly been analyzed by different research groups. In general, no differences were detected between parkin knockout mice and wild-type mice. Yet, Zhu et al. reported a significant increase of HVA levels and slightly, but not statistically significant, reduced levels of DOPAC in the striatum of parkin knockout mice, resulting in an increased striatal HVA/DOPAC ratio [42] . Itier et al. revealed an increase in DOPAC levels in the limbic regions of knockout mice [39] . The same mice presented increased ratios of DOPAC/DA and DOPAC/HVA in the brain stem. In addition, the ratio of DOPAC/3-methoxytyramine (3-MT) was increased in the striatum, the diencephalon and the limbic regions [39] . This is in contrast with the finding of another group that reported an unchanged DOPAC/3-MT ratio in the striatum [37] . Von Coelln et al. described an unchanged ratio of DOPAC and HVA to dopamine [45] . Overall, data about dopamine metabolism are contradictory between the different mouse lines and difficult to interpret. This variability in results may be attributed to discrepancies in measuring methods or to small sample size.
Another interesting result is the decrease of dopamine transporter and vesicular monoamine transporter 2 levels in the striatum of 15-month-old knockout mice measured by western blot. In addition, the dopamine uptake and the amphetamine-induced dopamine release, which is an index of newly synthesized intracytoplasmic neurotransmitter release, were decreased in fetal midbrain neuronal-enriched cultures. However, basal release and K + -evoked release of dopamine, an index of vesicular dopamine release, were unchanged [39] . Goldberg and colleagues reported elevated levels of extracellular dopamine in the striatum [40] . The synaptic excitability of striatal medium-sized spiny neurons, measured on corticostriatal brain slices, was decreased in these animals. Furthermore, the levels and the binding affinities of D1 and D2 receptors in the striatum were investigated, but no significant differences were detected in these mice [40, 53] . This is in contrast with the results of an ex vivo autoradiography study of the striatum of 12-month-old parkin knockout mice, where an increase in receptor binding levels of both D1 and D2 receptors was observed. In addition, synthesis of dopamine was decreased and dopamine release after treatment with metamphetamine (METH) was reduced in these mice [38] . By means of in vivo voltammetry, a decrease in the amplitude of evoked extracellular dopamine overflow was found in the striatum of parkin knockout mice at 3 and 6 months old when compared to wild-type littermates [52] . Likewise, the evoked dopamine release in acute striatal slices of parkin knockout mice was similarly decreased when measured by amperometric recordings [53] .
Other neurotransmission systems have been studied in the parkin-deficient mice. In none of the different exon 3-deleted mouse lines arguments were found for an altered 5-hydroxytryptamine metabolism [39, 42, 52] . This was not investigated in any of the other mouse lines. Examination of the glutamatergic synaptic transmission in the hippocampus of parkin knockout mice revealed a decrease in presynaptic glutamate release [39] .
As for the qk v mice, alterations in dopamine metabolism have also been reported such as increased levels of HVA and DOPAC in the striatum and the nucleus accumbens with olfactory tubercles, respectively [54] . However, the levels of dopamine were unaltered. The density of dopamine D2 receptors in the striatum was increased, but the receptor affinity for the [3H]-spiperone radioligand was reduced. Behaviourally, these mice were more sensitive to stimulation with D1 receptor agonists and displayed a decreased sensitivity to D2 receptor stimulation.
In conclusion, although these results are partially inconsistent, they suggest that parkin plays a role in dopamine neurotransmission. The most common finding is a decrease in dopamine release in parkin knockout mice. Finally, some results might indicate a possible function for parkin in glutamate transmission.
Behaviour
A whole battery of behavioural tests has been applied on the different parkin null mice. Unfortunately, they have been tested in various sets of behavioural tests, so it is difficult to compare the separate mouse lines. The tests can mostly be divided into the following categories: somatosensory function, motor function, emotionality and learning and memory.
Somatosensory function was tested with the adhesive removal test, the tail-flick test and the response to acoustic stimuli. Parkin knockout mice of one exon 3-deleted line had more difficulties to remove small adhesive labels fixed to their forehead when aged 2-4 and 7 months old but not at 18 months old [40] . Both the adhesive removal test and the tail-flick test were performed in an exon 2-deleted mouse line, but no differences were found between knockout and wild-type mice [37] . Von Coelln et al. noticed a reduced acousticstartle response in 9-month-old exon 7-deleted mice. Since the mice responded to the softest startle tones, the reduction in startle response was not attributed to a hearing deficit but rather to the loss of noradrenergic transmission secondary to the reduced number of noradrenergic neurons in the locus coeruleus of these mice [45] . In contrast, exon 2-deleted mice on a mixed C57BL6/129S4 background exhibited an increased sensitivity to the acoustic-startle response at 12 months of age. The same test was repeated with knockout and wild-type mice on a coisogenic 129S4 strain and the results could not be confirmed [37] .
In general, no significant alteration in locomotor activity was reported in parkin knockout mice. A single group observed a reduced spontaneous gross locomotor activity in 6-month-old parkin null mice [39] . In these mice, administration of amphetamine (1-5 mg/kg) did not increase motor activation whereas wild-type mice became hyperactive. In contrast, another study showed no difference in locomotor response in 3-month-old knockout mice compared to controls after treatment with 4 mg/kg of amphetamine [37] . In addition, no differences were observed in these mice when aged 19 months in the balance beam task and footprint gait analysis. However, Goldberg et al. reported an increased number of slips and slips per step in their knockout mice at all ages in a similar beam traversal task [40] . As for the footprint analysis, a different study reported a shortening of the stride of hind limb in aged parkin knockout mice compared to wild-type animals [50] . In the rotarod test, no striking differences were detected between the different parkin knockout mice up to 24 months of age [37, 38, 40, 42, 45, 52] . The negative-geotaxis test was performed in one group to identify deficits in motor coordination. In this test, mice were placed on a vertical wire grid in a head-down position and the time to orient their head into a head-up position was recorded. Interestingly, parkin knockout mice on a mixed C57BL6/129S4 background took longer to orient themselves to a head-up position at 18 months old, but not at 6 or 12 months old. Unfortunately, this could not be repeated on a 129S4 genetic background [37] .
Psychiatric complications such as anxiety have been associated with idiopathic PD patients [55] . Some evidence was found for increased anxiety in exon 3-deleted parkin knockout mice [42] . Indeed, these mice displayed a decreased exploratory behaviour and increased thigmotaxic behaviour in the open field test compared to controls. In the light/dark transition test, 6-and 15-month-old knockout mice spent less time in the illuminated compartment and made less transitions between the light/dark compartments [42] . In contrast, another study found no evidence of increased anxiety in the elevated-plus maze test in 19-month-old exon 2-deleted mice and no differences were detected either in the light-dark exploration test at 12 and 20 months of age when compared to wild-type mice [37] .
Some deficits in spatial learning and memory in parkin knockout mice were reported as assessed by the Morris water maze test [42] . These mice exhibited slightly longer latencies to find the fixed hidden platform during the 7-day training period. On the 8th day, when the platform was removed, the knockout mice made less crossings in the former platform quadrant than the control mice. Remarkably, these mice also displayed a thigmotaxic behaviour in the water tank, with a preference to swim in the periphery of the water tank [42] . In contrast to the findings mentioned above, Perez et al. found no disabilities in learning and memory, neither in the Morris water maze nor in the T-maze spontaneous alternation task [37] . However, another group reported a decreased spontaneous alternation in the exploration of the unknown arm of a T-maze in 4-month-old parkin knockout mice, indicating that these mice are probably less able to remember what they have already explored [39] . Intriguingly, during a second exposure to the hanging thread test 3 months after the first test where no difference was shown between parkin knockout and wild-type mice, the number of control mice rejecting the challenge was larger than the number of knockout mice. This was also explained by a learning deficit in the parkin-deficient mice [39] .
In conclusion, the behavioural performance of the distinct parkin knockout mice showed several discrepancies. This may be caused by technical and experimental differences among the researchers or by the diverse types of parkin mutations and targeting strategies used to develop the parkin null mice. It is also known that the genetic background of the mouse strain influences the outcome of the experiments. For instance, a wide range of responses in the acoustic-startle test has been reported between different inbred mouse strains [56] . Perez et al. performed the most extensive behavioural analysis and subtle deficits were reported in different tests using mice on a mixed C57BL6/129S4 background. However, most of the observed differences could not be reproduced when using coisogenic mice on a 129S4 background [37] . No other groups studied the effect of different genetic backgrounds in such a systematic way. In addition, most of the behavioural tests were performed in both young and old mice and no clear age-dependent changes could be revealed.
Mitochondrial morphology and function
Palacino and colleagues used a proteomic approach to investigate alterations in protein expression in the ventral midbrain of 8-month-old parkin knockout mice [51] . They found 13 proteins with a decreased abundance in parkin null mice, which were mainly involved in mitochondrial respiration. In the same mice, functional assays measuring the metabolic capacity of mitochondria isolated from the striatum showed a reduced mitochondrial respiration, although the number, size and morphology of the striatal mitochondria were unchanged. In another proteomic analysis, 87 proteins, most of them involved in energy metabolism, were identified with a difference in abundance in parkin knockout mice brain compared to controls [57] .
Interestingly, Stichel et al. discovered ultrastructural changes in the neurons of the SN, the striatum and the cortex of 12 to 14-month-old parkin knockout mice in the form of cytoplasmic vacuoles and the disruption of the Golgi network and the endoplasmic reticulum (ER). In addition, a trend towards an increased number of damaged mitochondria was reported in the SN with electron dense inclusion bodies, dilated and disorganized cristae and protrusions, but this increase was not statistically significant compared to wild-type littermates [58] . However, when parkin knockout mice were crossed with transgenic mice expressing human ␣-synuclein, the increase in damaged mitochondria in the SN was significant. Changes in the striatum or in the SN of young 3-month-old transgenic mice were unnoticed. The same group also measured the respiratory capacity of mitochondria isolated from the SN, striatum and cortex of aged mice. In double mutant parkin knockout/␣-synuclein mice, a reduction of complex I activity in the SN, but not in the striatum and cortex, was found. All three brain regions were unaffected in monogenic parkin knockout mice [58] .
These results indicative of a function for parkin in the regulation of mitochondrial respiration and energy metabolism were quite remarkable taking into account that parkin was generally accepted to be a cytoplasmic protein and, until recently, the link between parkin and mitochondria in mammalian cells was elusive. In contrast, Drosophila parkin (and PINK1) loss-of-function mutants displayed severe mitochondrial pathology, but this striking phenotype could not be replicated in mouse models. However, a key publication in 2008 by Narendra et al. convincingly showed that parkin is recruited from the cytoplasm to damaged mitochondria thereby promoting their autophagy [11] . This was followed by several reports showing that PINK1 expression is stabilized in conditions of mitochondrial impairment and essential for parkin translocation [12, 19, 59 ].
Thus, current insights into the cellular function of parkin and PINK1 mainly focus on their role in mitochondrial quality control. However, this has not yet been demonstrated directly in mammalian animal models. One should realize that in the cellular models, the depolarizing agent carbonylcyanide-mchlorophenyl-hydrazone (CCCP) has been used as a robust trigger of mitochondrial damage. To demonstrate a similar role of parkin and PINK1 in mammalian brain is technically much more challenging. First of all, to induce mitochondrial depolarization in vivo, systemic administration of CCCP to animal models would most probably be lethal. However, one group reported successful systemic administration of the mitochondrial uncoupler p-trifluoromethoxycarbonylcyanidephenyl-hydrazone (FCCP) in rats [60] , opening an opportunity to study depolarized mitochondria in animal models. Alternatively, the depolarizing agent could be administered locoregionally in the brain or more gentle mitochondrial toxins might be required. Second, sensitive imaging techniques to detect and visualize PINK1, the migration of parkin to the mitochondria and mitophagy in vivo will probably need to be developed or refined.
Cellular stress
In addition to the changes in proteins implicated in mitochondrial respiration, alterations in proteins involved in protection from oxidative stress were discovered in the brain of parkin knockout mice [51] .
Brain lysates of aged (18-20 months old) mice showed increased levels of protein carbonyls, a general marker of oxidative damage by reactive oxygen species (ROS). High levels of the lipid peroxide 4-hydroxynonenal were also found in the brains of these mice. Together with a reduced antioxidant capacity in the serum, these results suggest an increased incidence of oxidative damage in the brains of aged mice [51] . On the contrary, a different study revealed no differences in the levels of protein carbonyls in the striatum and cortex of 22-month-old parkin-deficient mice [61] . Levels of reduced glutathione (GSH) were increased in the striatum of 11-month-old parkin knockout mice, but no differences were noted in oxidized glutathione (GSSG) levels [39, 50] . Moreover, elevated levels of GSH were found in neuronal cultures from ventral foetal midbrain [39] . This may suggest that parkin null mice develop a free radical defence system that protects against cell death induced by high levels of dopamine. On the other hand, a reduction of GSH levels was found in the striatum of 24-month-old parkin knockout mice, suggesting that this compensatory mechanism might be exhausted by aging [50] .
In addition, a possible role for parkin in the protection against inflammation-induced neurodegeneration has been suggested [62] . Young adult (6-13 weeks old) parkin knockout and wild-type mice were repeatedly injected intraperitoneally with low-dose lipopolysaccaride (LPS) for a period of several months under various regimens. A reduction of TH-positive and NeuN-positive neurons was described in parkin knockout mice after 3 months of treatment and an additional 3 months lag time and after 6 months of administration when compared to wild-type animals. This reduction was not observed in mice treated for 3 months with LPS without the additional 3 months break. Additionally, each group of LPS-treated parkin knockout mice displayed a prolonged time to cross a narrow beam, compared to LPS-treated control mice. However, no difference in inflammatory and oxidative stress responses to the induced neuroinflammation could be detected in parkin knockout and wild-type mice. Therefore, parkin appears to influence the susceptibility of the dopaminergic neurons to inflammation-induced neurodegeneration, but the mechanism behind these observations has not been clarified, although a TNF (tumour necrosis factor) role was suggested.
Susceptibility to toxin exposure
In the absence of spontaneous dopaminergic cell loss, researchers have tried to trigger the neurodegenerative process by administration of neurotoxins in the hope that differences in susceptibility would become apparent in the parkin knockout mice.
In 2007, Thomas et al. investigated the susceptibility of the catecholaminergic neurons of the SN and locus coeruleus to the dopaminergic parkinsonian neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and the noradrenergic neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) in exon 7-deleted parkin knockout mice. Neither young nor old parkin-deficient mice showed an increased vulnerability to acute, subacute and chronic administration of MPTP. In addition, the noradrenergic axon terminals of parkin knockout mice were not more susceptible to a single intraperitoneal injection of DSP-4 than those of wild-type animals [63] . These findings are consistent with another study in which 18-month-old exon 3-deleted parkin null mice were challenged with MPTP. There was no increase of MPTP-induced degeneration of THpositive axons in the striatum of parkin-deficient mice compared to controls [42] . Additionally, METH and 6-hydroxydopamine (6-OHDA) were administered to 3-month-old exon 2-deleted parkin null mice and no increased sensitivity to these dopaminergic neurotoxins could be demonstrated [61] .
On the other hand, in neuronal-enriched midbrain cultures, dopaminergic neurons of parkin knockout mice are more susceptible to rotenone-induced cell death than control mice [64] . These findings suggest that exposure to the appropriate environmental factor might be required for the development of a parkinsonian phenotype in parkin knockout mice. However, it is at present unclear why this could not yet be demonstrated in animal models.
Parkin substrates
In the past decade, several putative parkin substrates have been identified [65] , but the role of these proteins in the pathogenesis of PD is not always clear. Cell division control-related protein 1 (CDCrel-1), a GTPase that accumulates in the brain of AR-JPD patients, was the first substrate to be identified [66] . Synphilin-1, a component of LBs in PD [67] , was found to be ubiquitinated by parkin while the unmodified form of ␣-synuclein did not interact with it [68] . However, a rare O-glycosylated ␣-synuclein variant was also found to be ubiquitinated by parkin [69] . The availability of parkin knockout mice provided an ideal tool to confirm or disprove the in vivo relevance of these findings. Some groups investigated whether an accumulation of these substrates could be detected in the brains of parkin knockout and qk v mice, but the levels of CDCrel-1, synphilin-1 and ␣-synuclein were similar to controls [40, 48, 70] . Furthermore, conflicting results were published about the effect of parkin deficiency on ␣-synuclein mediated neurodegeneration. One study reported no effect of loss of parkin on ␣-synuclein pathology in A53T ␣-synuclein transgenic mice, while unexpectedly the neurodegenerative phenotype was delayed when parkin was absent in A30P a-synuclein transgenic mice [71, 72] .
Ko and colleagues performed a systematic analysis of the levels of a set of known parkin substrates, including CDCrel-1, synphilin-1, ␣-synuclein, aminoacyl-tRNA synthetase cofactor p38, Parkin associated endothelin receptor-like receptor (Pael-R), cyclin E, synaptotagmin XI and ␤-tubulin in the midbrain of 18-month-old exon 7-deleted parkin knockout mice [70] . Solely the levels of p38 were increased in these mice compared to wild-type age-matched littermates, in parallel with a similar increase in the brain of AR-JPD patients. Overexpression of p38 in cell culture and in the SN of mice induced cell death. These findings suggest that p38 might be an authentic parkin substrate, although the exact molecular mechanism by which p38 leads to cellular toxicity still has to be elucidated. In contrast to this study, another group could not detect an accumulation of p38 in the striatum of 12-month-old exon 3-deleted knockout mice [57] .
Pael-R is a putative G-protein-coupled transmembrane protein. When overexpressed in cells, it tends to become unfolded and insoluble, which eventually leads to ER stress-induced cell death. This insoluble form of Pael-R was identified as a substrate of parkin in 2001 [73] . An interesting observation was made by Wang et al. in 2008 when they generated parkin knockout/Pael-R transgenic double mutant mice [74] . These mice exhibited a marked loss of dopaminergic and noradrenergic neurons starting at 6 months of age and further progressing until 24 months old. In the midbrain, evidence was found for ER stress and reduction in complex I activity. Furthermore, an increase in protein carbonyls was reported together with increased striatal dopamine levels in young double mutant mice. This led to the conclusion that the accumulation of Pael-R due to parkin deficiency results in chronic ER stress and excessive dopamine-mediated oxidative stress, both contributing to dopaminergic degeneration. A similar dopaminergic cell death was described in parkin knockout mice with up-regulated Pael-R expression in the SN achieved by adenoviral vector-mediated retrograde transduction from the striatum [41] . Although Pael-R has been found in LBs [75] , its role in the pathogenesis of sporadic PD remains unclear.
Very recently, a new parkin interacting substrate, PARIS, was identified [46] . An accumulation of PARIS was found in the cingulated cortex of AR-JPD patients and in the striatum and SN of sporadic PD patients. In the exon 7-deleted mouse line, an up-regulation of PARIS was reported in the striatum and ventral midbrain. Additionally, PARIS levels were increased in the ventral midbrain of conditional parkin knockout mice. PARIS is a Kruppel-associated box (KRAB) and zinc finger protein. Its accumulation represses the expression of the transcriptional coactivator PPAR␥ coactivator-1␣ (PGC-1␣), leading to a down-regulation of the PGC-1␣ dependent gene nuclear respiratory factor-1 (NRF-1). Adenoassociated viral vector-mediated overexpression of PARIS in the SN of mice led to a 40% reduction of dopaminergic neurons compared to control mice overexpressing GFP.
In conclusion, the validation of the different parkin substrates mentioned above is unclear for the moment because they lack replication across independent groups. This might be due to the variability in experimental conditions such as the mouse line, the age, etc. However, the search for accumulated parkin substrates in the brain of parkin knockout mice and in parkin-linked AR-JPD pateints was based on the initial hypothesis that loss of parkin E3-ubiquitin-ligase function impairs the ubiquitin-proteasome system (UPS) leading to a toxic accumulation of misfolded or aggregated proteins. However, recent findings have shown that activation of the UPS mediated by translocation of parkin to the mitochondria results in degradation of a wide range of mitochondrial outer membrane proteins, including mitofusin 1 and 2, Tom70, voltage dependent anion channel 1 (VDAC1), Bak, Fis1 and Tom20 [21] . This suggests that parkin has a very broad substrate range with maybe rather low specificity, at least when activated by mitochondrial dysfunction. This might explain the difficulty to prove the authenticity of the putative parkin substrates in vivo.
Parkin-Q311X transgenic mouse model
Despite not being a parkin null transgenic mouse, the bacterial artificial chromosome transgenic model expressing the truncated human mutant parkin-Q311X in dopaminergic neurons is worth to be mentioned here as a dominant-negative loss-of-function model. Its importance lies in the fact that it is the only parkin model that clearly mimics some of the key characteristics of PD. At 16 months of age but not younger, these mice exhibited a 40% reduction in THpositive neurons and a 30% reduction in total neuron number in the SN compared to age-matched control littermates. In addition, a loss of striatal dopamine terminals was confirmed. Late-onset hypokinetic motor deficits were also reported as assessed by the automated open-field test, the challenging beam traversal, the cylinder test and the adhesive removal test. Furthermore, significantly reduced levels of dopamine and DOPAC were found in the striatum of 19 to 21-month-old mice. Interestingly, parkin-Q311X mice showed a progressive accumulation of proteinase K (PK) resistant ␣-synuclein in the midbrain neurons. This PK-resistant ␣-synuclein co-localized with the oxidative stress marker 3-nitrotyrosine. In summary, this model exhibits an age-dependent phenotype that displays several key features of PD and deserves further characterization [76] .
PINK1
The phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1) gene was first shown to be up-regulated by the tumour suppressor gene PTEN in cancer cell lines and tissues with higher metastatic potential [77, 78] . In 2001, Valente et al. performed a genome wide homozygosity screen in a large Sicilian family with AR-JPD [79] . Linkage analysis led to the identification of a novel locus, named PARK6, spanning a 12.5 cM region of the short arm of chromosome 1 (1p36). Subsequently, linkage to PARK6 was confirmed in several European and Asian consanguineous families [80, 81] . In 2004, PINK1 was identified as the gene responsible for the PARK6-associated parkinsonism in a Spanish family presenting a homozygous truncating mutation (W437X) and two Italian families with an homozygous missense mutation (G309D) [82] . In the following years, prevalence studies have reported that PINK1 mutations account for 1 to 9% of AR-JPD [83] [84] [85] [86] [87] and for 2 to 4% of sporadic PD [88, 89] depending on the ethnic origin of the patients.
The PINK1 gene extends over eight exons (∼1.8 kilobases) and encodes a 581-amino acid protein with a predicted molecular mass of 62.8 kDa. PINK1 is ubiquitously expressed in all adult human tissues, but most abundantly in skeletal muscle, heart and testis [77] . The PINK1 mRNA distribution has been mapped throughout the rodent and human brains, revealing a uniform expression pattern of PINK1 in most brain regions, including SN and striatum [90, 91] . The presence of PINK1 has been reported in LBs of patients with sporadic PD and PD associated with heterozygous PINK1 mutations [92, 93] . However, both publications used in-house made antibodies and therefore the specificity of the antibody and the validity of the results can-not be verified. Conversely, the sole neuropathological report from a PD patient associated with PARK6 mutations showed that PINK1-linked parkinsonism induces LB pathology [94] . Increased ␣-synuclein aggregation was reported in PINK1-deficient cell culture models [95] but this phenomenon has not been studied in detail in rodents. PINK1 knockout mice do not clearly display ␣-synuclein aggregates. Only a nonsignificant increase in ␣-synuclein protein levels but in contrast, a relevant decrease in mRNA levels have been reported in the brain stem and midbrain of 24-month-old PINK1 knockout mice [96] . These results suggest that ␣-synuclein degradation and re-synthesis might be impaired, indicating a hurdle in protein clearance.
Since the currently available PINK1 antibodies have been shown to exhibit poor specificity and/or sensitivity, especially related to mouse PINK1, the reported distribution of PINK1 protein will need confirmation when better quality PINK1 antibodies become available. Although the lack of sensitive antibodies has hindered the reliable determination of its exact cellular location, PINK1 has been described in both the cytosolic [97] [98] [99] [100] and the mitochondrial fractions [92, 93, [101] [102] [103] . Nevertheless, the presence of a 34-amino acid N-terminal mitochondrial targeting motif supports its mitochondrial location, but the kinase domain may be facing the cytoplasm which allows possible interactions with cytosolic proteins [104] .
The kinase catalytic domain (residues 156 to 509) is highly conserved and is homologous to the putative serine/threonine protein kinases of the calcium/calmodulin family. Mutations throughout the whole PINK1 gene have been described in PD patients, including missense, nonsense, point mutations, truncations and whole gene heterozygous deletions [105] . However, the bulk of mutations has been found in the kinase domain which leads to a loss of kinase activity [82, 88, 97, 106] . It remains unclear whether mutations outside the kinase domain negatively affect PINK1 kinase activity. It has been reported that deletion of the C-terminal domain of PINK1 up-regulates [101] but also down-regulates [107] the kinase activity. The discrepancy in C-terminal tail function is likely caused by the use of different heterologous systems to express PINK1. More robust and reproducible experiments are required in order to assess the effect of mutations in the C-terminal region of PINK1 in patients with PD. Nonetheless, PD-linked PINK1 mutations can be considered as loss-of-function mutations that alter the kinase activity, presumably leading to mitochondrial dysfunction and instability.
Generation of PINK1 loss-of-function rodents
Up till now, seven mouse models have been developed as rodent models to study the consequences of PINK1 deficiency ( Table 2) . Five of these models have been generated by classical transgenesis where gene expression is disrupted by homologous recombination in embryonic stem cells and the targeted gene region is substituted by a selection cassette. Most of these studies have used a phosphoglycerate kinase (PGK) promoter-driven neomycin phosphotransferase (neo) expression cassette to disrupt normal gene expression. Via classical transgenesis, knocking out PINK1 has been accomplished by germ-line deletion of exon 1, exons 2 to 5, exons 4 to 5 and exons 4 to 7 [108] [109] [110] [111] [112] .
The targeted deletion of exon 1 removed the start codon and the initial nucleotides of the coding sequence. Two mouse lines with a deletion of exon 1 were recently described [108, 109] . Our group has generated mice on a mixed genetic background where 129/Ola embryonic stem cells carrying the desired homologous recombination were injected into C57BL/6J blastocysts and chimeric offspring was further bred to a C57BL/6Jtyr c−2J genetic background [108] . Wang et al. generated the mice on a mixed C57BL6J/129Sv genetic background [109] .
Deleting the other exons resulted in the removal of the majority of the kinase domain. The deletion in mice of most of exon 2 and all of exons 3 to 5 was achieved injecting embryonic stem cells derived from the 129SvEv Brd strain and chimeric mice were bred to C57BL/6J albino mice [110] . The mouse line with deletion of exons 4 and 5 was generated in a mixed C57BL6J/129Sv genetic background [111] . As for the exons 4 to 7-deleted mouse line, C57BL6/129Sv embryonic stem cells were injected into blastocysts of C57BL/6 or BalbC mice. Chimeric mice were further intercrossed with C57BL6/129Sv hybrid mice to obtain the final homozygous mutant mice [112] .
A very interesting approach performed by Gispert and colleagues consisted in the insertion of the G309D-PINK1 pathogenic mutation into the orthologous mouse locus [96] . This was achieved using a neomycin selection marker, flanked by LoxP sites, engineered in intron 5. In this case, pure inbred 129/SvEv background mice were used to obtain homozygous mutant and wild-type mouse lines.
Alternatively, RNA interference has successfully been used to develop conditional PINK1 knockdown transgenic mice, which were generated by pronuclear injection of a shRNA (short-hairpin RNA) construct under the control of a Cre-LoxP-inducible mouse U6 promoter into C57BL6/SJL fertilized eggs [113] . PINK1 transgenic knockdown mice were backcrossed to FVB genomic background for at least five generations before they were used for experiments. Similarly, our group has recently used lentiviral vectors encoding a shRNA against mouse PINK1 to generate transgenic PINK1 knockdown mice (Heeman et al. unpublished data) .
Due to the lack of reliable PINK1 antibodies, all studies have proved the absence of PINK1 by means of Northern blot analysis and/or quantitative real-time RT-PCR (qPCR). Overall, the expression of PINK1 mRNA was reduced by 93 to 97% as assessed by qPCR. Only one study has not reported a solid evidence for the absence of PINK1 in their knockout transgenic offspring [110] .
The information about the general appearance, lifespan, breeding behaviour and body weight of the different PINK1-deficient transgenic mouse lines generated until now is generally vaguely mentioned in literature. A single study has reported a significant loss in body weight in mice at both 10 and 16 months old [96] .
Neurotransmission systems and metabolism
Synaptic function has repeatedly been studied in PINK1-deficient mice. However, contradictory results on dopamine metabolism complicate reaching a clear conclusion. On the one hand, PINK1 knockout and knockdown mice did not display significant changes in either striatal dopamine content or in its major metabolites, DOPAC and HVA, across different studies in which mice were aged 2 to 24 months [112, 113] . On the other hand, two studies have reported a reduction of approximately 25% in striatal dopamine levels in PINK1 knockout mice at 6, 9, 12 and 22 months old [96, 111] . The latter was explained in one study by an increased dopamine metabolism since dopamine turnover was found to be higher in PINK1-deficient mice aged 6 to 12 months compared to age-matched wild-type littermates [111] . Intriguingly, triple parkin, PINK1 and DJ-1 knockout mice showed an increase in dopamine, DOPAC and HVA levels at 24 months old, but not at 16 months old, compared to age-matched control mice. It remains unclear how the triple knockout mice displayed an age-dependent increase of dopamine levels in striatum with normal TH levels [114] . Surprisingly, all current models failed to reproduce a meaningful degeneration of both the dopaminergic cells in the SN and its terminal projections to the striatum [96, [111] [112] [113] [114] [115] .
PINK1 knockout mice presented a reduction in both evoked dopamine release in striatal slices and total catecholamine release in dissociated adrenal chromaffin cells. In addition, corticostriatal Longterm Potentiation (LTP) and Depression (LTD) was impaired, compromising the normal function of the nigrostriatal circuit and leading to an altered synaptic plasticity. LTD induction could be rescued with D1/D2 receptor agonists, amphetamine and L-3,4-dihydroxyphenylalanine (L-DOPA), supporting the fact that evoked dopamine release is the mechanism underlying LTD impairments [112] . However, such deficits represent a functional rather than structural defect since they cannot be ascribed to a diminished number of dopaminergic neurons in the SN. Further electrophysiological studies in these mice showed that their striatal neurons were sensitive to group II metabotropic glutamate (mGlu) receptor activation [116] . The relevance of this finding is not yet clear since little is known about the functional link of these circuitries in monogenic forms of PD and the contribution of mGlu receptors to the modulation of the basal ganglia in general human physiology. A recent electrophysiological study has demonstrated hyperexcitability of SN dopaminergic neurons in PINK1-null mice. As a result of an impaired calcium (Ca 2+ ) release coming from the endoplasmatic reticulum and the mitochondria, small conductance Ca 2+ -activated potassium channels displayed a functional reduction in their activation, leading to these irregular firing patterns in SN [117] . The origin of this observed hyperexcitability of the dopaminergic neurons in SN might be that mitochondrial damage increases the vulnerability of PINK1-deficient mice by means of a disrupted energy balance and overt oxidative stress, as will be discussed below.
Behaviour
Since PD patients clearly display both motor and non-motor impairments, the best way to assess the disease symptoms in a new animal model is by running a battery of behavioural tests. However, an extensive behavioural study of PINK1-deficient mice has not yet been published. Indeed, only two groups have reported data about the behaviour of these mice.
Evaluation of coordination and balance by performance in the rotarod test showed no differences in PINK1 knockout and knockdown mice when compared to wild-type mice [96, 113] . However, PINK1 knockout mice displayed a reduced locomotor activity at 16 months old as assessed by the open field test [96] . These mice exhibited a marked decrease in the measures for total distance, horizontal activity, movement time, stereotypy count and centre distance. However, the impairment of spontaneous movement did not affect the lifespan of the animals. Strength, coordination and anxiety were also normal in these mice. Moreover, no deficit was found in non-motor functions such as sweating under pharmacological provocation or startle reflexes to acoustic stimuli. The latter provides an insight into the function of the brain stem locus coeruleus noradrenergic neurons, which control acoustic response and has been documented to be a pathological feature of AR-JPD patients [30, 33, 118] .
These two reports are in agreement with the fact that motor deficits might be triggered by damaged dopaminergic neurotransmission but are clearly not explained by an onset in dopaminergic nigrostriatal neurodegeneration. In our own PINK1 knockdown transgenic mice, we observed mild but progressive hypokinetic locomotor deficits and uncoordinated gait dynamics with aging (Heeman et al., unpublished data) although no differences in the number of nigral dopaminergic neurons or striatal dopamine and DOPAC levels were detected. It is also possible that the deficit in cellular ATP levels and the decrease of mitochondrial ATP synthesis observed in PINK1-deficient cells result in a decline in locomotion, especially when mice are challenged. This could indicate that impaired behaviour in these mice might be due to the failure of PINK1 to maintain an optimal energy balance in mitochondria.
PD patients with PINK1 gene mutations present several non-motor symptoms such as anxiety in combination with other psychiatric disorders like psychosis, obsessive behaviour, drug addiction and depression [94, 119, 120] . Behavioural tests to assess this kind of features in animal models of PD are still an issue to be able to study the molecular mechanisms behind the non-motor symptoms [121] . Despite the difficulties to determine non-motor signs in mice, symptoms such as anxiety have already being described in other animal models for PD. For instance, as mentioned previously in this review, an anxiety-like behaviour was observed in parkin knockout mice [42] . It is believed that the appearance of these symptoms precede the onset of the motor problems. It might be due to the fact that other regions are affected when the patient starts to develop the disease, long before the death of the dopaminergic neurons and the onset of the motor impairments [3] . Consequently, non-motor symptoms are equally important during the diagnosis of AR-JPD patients, although the mechanisms leading to their manifestation remain uncertain [122] .
Mitochondrial morphology and function
Since PINK1 was found to be a mitochondrial kinase, it was considered as the first protein to provide a direct link between mitochondrial dysfunction and PD pathogenesis [88, 123] . Therefore, most of the studies of PINK1-deficient rodent models focused on the investigation of mitochondrial dynamics and the molecular mechanisms that lead to neurodegeneration of SN dopaminergic neurons in PARK6 PD patients. It is known that PINK1 modulates mitochondrial morphology and dynamics by interacting with components of the fusion/fission machinery [13] . While current data in Drosophila clearly point to a role for PINK1 in inhibiting mitochondrial fusion [103, 124] , studies in mammalian cells have shown subtle and variable results. Most of the studies indicate a potential role for PINK1 in promoting mitochondrial fusion as reported in human cells and primary fibroblasts from PINK1-PD patients [100, 125, 126] . These differences across species might reflect a cell type-dependent role for PINK1 in mitochondrial fusion/fission. Nevertheless, mitochondrial fusion is crucial for the maintenance of several functions in mitochondria such as respiration and membrane potential.
In general, no gross changes were noticed in mitochondrial number and ultrastructure when analyzing the striatum of PINK1 knockout mice at 3 and 24 months old [115] . This is in agreement with another report where the overall structure of mitochondria was also unaltered [96] . However, both studies have reported other morphological abnormalities in PINK1 knockout mice such as the presence of fewer fragmented mitochondria and an increase in the number of larger and aggregated mitochondria in perinuclear localization under proteasomal stress conditions [96, 115] . In addition, mouse embryonic fibroblasts derived from PINK1 knockout mice exhibited fragmented mitochondria when cultured in galactose medium [127] . We also reported a moderate increase in mitochondrial fragmentation together with a slight increase in mitochondrial mass using PINK1 knockout mouse embryonic fibroblasts, suggesting that the ablation of PINK1 induces an accumulation of depolarized and fragmented mitochondria [108] . The fragmented mitochondrial network observed in these mice supports a fusion promoting role for PINK1 in the cell.
In terms of mitochondrial function, a reduced mitochondrial membrane potential ( m ) has repeatedly been reported in cells derived from PINK1 knockout mice [96, 108, 109, [127] [128] [129] . The m is essential for the normal function of mitochondria and is the key regulator of its structural integrity. However, explanations for the depolarised m are contradictory across different publications. On the one hand, several studies have reported a normal activity of the respiratory chain complexes I to IV of the oxidative phosphorylation system using different PINK1 knockout and knockdown cell lines [108, 125, 129] . On the other hand, mitochondrial respiration was impaired for complexes I and II in striatum but not in cortex of 3-month-old PINK1 knockout mice, which implies a specific functional association to the dopamine metabolism [115] . Still, other studies in PINK1 knockout mice have reported respiration deficiencies in complex I [128] and complexes I, III and IV [96] . Evidence for unchanged levels of protein respiratory chain complexes in all these studies suggests that the respiratory deficiency is functional rather than structural. We cannot discard the hypothesis that respiratory chain complexes might work in a less efficient way in studies where no clear deficit in their activity was detected. Reports on the kinetics of isolated PINK1-deficient mitochondria strengthened the idea that the source of the m depolarisation is a defect in the substrate oxidation of the respiratory chain [127, 129] . For this reason, the conflicting data do not facilitate the understanding of the mechanism that leads to the depolarized mitochondrial membrane potential, although the recently identified role of PINK1 in clearance of dysfunctional mitochondria, as mentioned previously, might explain most observations. However, further investigation into the precise molecular link must be carried out.
Several studies have shown that PINK1 regulates mitochondrial calcium dynamics and plays a critical role in energy balance. We found that its depletion leads to an impairment in Ca 2+ entry into the mitochondria and a significant reduction of the cytosolic Ca 2+ levels in conditions of high energy demand [108] . In addition, another study has reported that mitochondria of PINK1-deficient neurons accumulate higher basal levels of Ca 2+ in the matrix and display a reduced mitochondrial Ca 2+ storage capacity associated with Ca 2+ overload [129] . Similarly, mitochondria from brains of 2-month-old PINK1 knockout mice showed a lower Ca 2+ load capacity indicated by the earlier opening of the mitochondrial permeability transition pore [111] . Concomitant to changes in Ca 2+ homeostasis, we observed a decrease in mitochondrial ATP synthesis under conditions of high energy demand in PINK1-depleted cells [108] . Similar changes were observed for some PINK1 mutants, suggesting a dominant negative effect [95] . Moreover, cellular ATP levels were reported to be reduced in the absence of PINK1 [96, 127] .
In conclusion, both morphological and functional anomalies were reported in PINK1-deficient mitochondria pointing to impairments in mitochondrial bioenergetics, despite some inconsistencies in the exact phenotypic features between different studies. However, the exact molecular cause of the general mitochondrial dysfunction in PINK1 knockout mouse models still needs to be elucidated.
Cellular stress
The neuroprotective effect of PINK1 has been demonstrated in several cell culture models, where overexpression or suppression of PINK1 was combined with different forms of cellular stress. The initial study of Valente et al. reported that wild-type PINK1, but not its PD-associated mutants, protected against cell death induced by proteasome inhibition [82] , which was subsequently confirmed by other groups [130] [131] [132] . Down-regulation of PINK1 or overexpression of PARK6 disease-causing mutations appeared to reduce basal cell viability [110, 123, [133] [134] [135] . In addition, PINK1 has been shown to confer protection against hydroxyl radicals (H 2 O 2 ) [136, 137] .
Similarly, isolated cortical mitochondria from PINK1 knockout mice were more sensitive to exposure to environmental cellular stress inducers like H 2 O 2 and mild heat shock, despite normal antioxidant enzyme levels [115] . It has been reported that cultured dopaminergic neurons from PINK1 knockout mice exhibited enhanced ROS formation that could be rescued by introducing wild-type PINK1 [109, 129] . Taken together, these findings suggest that oxidative stress caused by environmental insults might exacerbate PINK1-related mitochondrial dysfunction.
Recently, Akundi et al. showed that phosphorylated c-Jun accumulates in the SN of PINK1 knockout mice [111] . c-Jun is the main substrate of the proapoptotic Jun N-terminal kinase (JNK), a member of the MAP (mitogen-activated protein) kinase family implicated in neuronal cell death [138] . In addition, the lack of PINK1 resulted in decreased cytokineinduced nuclear factor kappa-␤ (NF-B) activity in mouse embryonic fibroblasts and increased levels of inflammatory cytokines (IL-1b, IL-10 and IL-12) in the striatum of PINK1 knockout mice after peripheral LPS treatment. Moreover, striatal gene expression profiling of 2-month-old knockout and control mice revealed that PINK1-deficiency activates genes linked to anti-inflammatory response and stress-inducible transcription factors, whereas genes associated with pro-inflammatory and apoptotic responses were down-regulated. These novel findings indicate that the ablation of PINK1 causes altered expression of genes that regulate innate immune responses and predispose neurons to inflammation and oxidative stress-induced apoptosis. How the increased JNK signalling and immune response pathway are linked to the increased mitochondrial Ca 2+ sensitivity reported in the same study is at present unclear. The authors speculate that they might all contribute to the observed increase in dopamine turnover and lead to a higher vulnerability of the nigrostriatal system to degenerate.
Susceptibility to toxin exposure
Since no spontaneous overt cell loss is observed in the PINK1 knockout rodent models, another valid option is to consider a 'dual hit' strategy, whereby the genetic loss-of-function animals are combined with environmental challenges such as dopaminergic neurotoxins. At the same time, the use of neurotoxins, which are known to interfere with respiratory function and to induce ROS production, provides a suitable way to evaluate the sensitivity of mitochondria.
The effect of a PD-linked toxin, rotenone, has been studied in PINK1-deficient cells. Indeed, cultured dopaminergic neurons from PINK1 knockout mice appeared to be more sensitive to rotenone-induced cell death [109, 129] . In 2008, Haque et al. reported that knockdown of PINK1 significantly increased the sensitivity of primary cortical neurons to the effects of the MPTP neurotoxin [99] . Conversely, the presence of PINK1 proved to protect primary cortical neurons against the same induced toxicity. In vivo, experiments targeting the SN of adult mice by adenoviral vector-mediated retrograde transport from the striatum showed that overexpression of wild-type PINK1 provided protection against MPTP treatment. Moreover, these experiments revealed that PINK1-mediated neuroprotection needs the presence of the kinase domain since its mutant forms failed to provide any protection after MPTP administration, both in cell culture and in vivo [99] .
It was generally believed that mitochondrial localization of PINK1 is indispensable to exert its neuroprotective function. However, Haque et al. showed that N-terminal truncated PINK1 still provided protection against MPTP toxicity, both in cell culture and in vivo [99] . Therefore, it remains to be clarified whether the mitochondrial targeting motif is essential for the neuroprotective role of PINK1, although it has been shown that mitochondrial localization of PINK1 can also occur independently of the mitochondrial targeting motif [100] .
Finally, PINK1 is undoubtedly important for the survival of neurons under oxidative stress since its depletion increases the sensitivity to diverse neurotoxic insults while its overexpression exerts a neuroprotective effect. However, here again, the exact molecular mechanism remains to be demonstrated, although the recently identified role of PINK1 in mitophagy and mitochondrial integrity may provide a satisfactory explanation.
CONCLUSION
We have here reviewed all currently available knockout rodent models for parkin and PINK1 which are the most frequent causative genes of recessively inherited early-onset PD. Both models have contributed to the understanding of the molecular mechanisms involved in the pathogenesis of the disease. Indeed, they convey the idea that mitochondrial impairment and oxidative stress are involved in PD pathology. However, they all present a negligible neurodegenerative pattern in the substantia nigra pars compacta, a region clearly affected in PD patients. Moreover, the results obtained with these models differed greatly across studies, implying that the specific procedure to generate the animal model influences the outcome. For example, it is believed that behavioural deficits in rodents are dependent on the background of the strain [56, 139] . Hence, the background mouse strain used to generate the parkin and PINK1 loss-of-function models may lead to significant differences in the results of the experiments.
Mutations in several disease-causing genes have been reported until now in familial PD. However, it is still unclear whether all the proteins involved interact with each other or if they converge in a common pathway. Findings that parkin acts downstream of PINK1 in both Drosophila and mammalian neuronal cultures support the latter hypothesis [125, 140, 141] . This implies that both proteins are involved in the same pathophysiological pathway that regulates mitochondrial stability and cell survival [12, 19, 59, 142] . However, these findings still have to be demonstrated in the mammalian models in vivo, which is technically much more challenging. Mitochondrial dysfunction in dopaminergic neurons has been proposed as a primary mechanism in neurodegeneration. This would lead to the accumulation of ROS, sensitivity to oxidative stress and final cell death. Intriguingly, even triple parkin, PINK1 and DJ-1 knockout mice do not show any dopaminergic cell loss [114] . Therefore, further studies are needed to fully understand the mechanistic events at the origin of the disease.
It remains to be resolved why patients harbouring parkin and PINK1 mutations develop early-onset PD, whereas total loss of these proteins in mice fails to reproduce neurodegeneration. The fact that in other species, such as Drosophila, loss of parkin or PINK1 induces mild neurodegeneration in contrast to rodent models is also a question that needs to be addressed. The development of animal models for neurodegenerative disorders is not trivial since it requires recapitulating symptoms of a human disease in the animal [143, 144] . For instance, all rodent models developed so far for parkin and PINK1 null mutations are exclusively mouse models. However, the short lifespan of mice impedes true long-term studies to gain further knowledge about the disease progression. Another important issue that might explain the lack of clear PD features in parkin and PINK1 transgenic knockout mice is the possibility of compensatory mechanisms ongoing during embryonic development [116, 128] . These mechanisms might not be present in Drosophila, explaining the observed mitochondrial phenotype leading to apoptotic cell death and muscle degeneration [141, 145] . In addition, it is reported that similar compensatory mechanisms occur in humans in the presymptomatic phase of the disease [146] . The premature failure of these compensatory mechanisms might contribute to the development of early-onset PD.
We propose that these compensatory issues may be overcome in rodents by viral vector-mediated transfer of the disease-causing gene or of an inhibitory shRNA sequence in adult brain. This 'local transgenesis' is a highly flexible method which can be applied in different mammalian species, broadening the generation of models up to more human-like species such as primates. In addition, the parallel comparison with control viral vectors allows to rule out aspecific affects due to protein overexpression. Finally, specific targeting of the brain region of interest, in this case the dopaminergic cells of the SN makes it feasible to evaluate cell type-specific differences in susceptibility [147, 148] . In fact, it has already been proven that lentiviral and adeno-associated viral vectors overexpressing ␣-synuclein induce PD-like neuropathology and neurodegeneration in rodents and primates, whereas the transgenic models fail to display the latter crucial feature [149] [150] [151] [152] [153] . In the case of parkin and PINK1, where the protein loss of function triggers the disease, stable knockdown of gene expression can be achieved by viral vector-mediated RNA interference (RNAi) after stereotactic injection in adult SN [154, 155] . Adult knockdown achieved by combining RNAi with viral vector technology has not yet been reported for parkin or PINK1. However, adult local knockout was recently achieved by a similar elegant approach: Cre-expressing lentiviral vectors were injected in the SN of adult parkin Flx/Flx mice resulting in a loss of parkin protein and a progressive loss of the dopaminergic neurons [46] . Although this approach has not yet been independently verified, the generation of genetic models of PD by means of viral vectors constitutes an alternative approach to classical transgenesis and a promising tool for animal modelling of PD [156] . Evidently, the misinterpretation of phenomena due to possible toxic effects of viral vectors should be avoided by including the proper controls.
Another less explored option that might mimic more closely the physiological condition of the parkin and PINK1 mutation carriers is the generation of knock-in mice in which the normal copy of the gene is replaced by a mutant form of the gene. It has been reported that mutations not always lead to a total obliteration of the protein activity [157] . Therefore, the advantage of knocking in the mutant gene is that the compensatory mechanisms that can arise by completely knocking out the gene and abolishing the protein function are circumvented.
A final possible explanation for the failure to obtain a PD phenotype in the present knockout models is, as a consequence of the well-controlled housing of all laboratory animals, the lack of exposure to the appropriate environmental triggers. Attempts to study the influence of the environment were made by administering neurotoxins to the mouse models. The fact that PINK1 mutants and PINK1 knockdown animals are more vulnerable to different neurotoxins than control animals might argue in favour of a role of the environment. However, in the parkin knockout models, data are much less convincing. Also, neurotoxins probably poorly mimic environmental influences. An important counterargument is the fact that all humans with two mutant PINK1 and parkin alleles develop the disease, irrespective of their environment [25, 158] .
Finally, despite the apparent current shortcomings as parkinsonian models, both parkin and PINK1 transgenic knockout mice are still valuable by offering a basic insight into the different pathways and proteins involved in the aetiology of PD. As models, parkin and PINK1-deficient rodents still hold some questions and challenges that are essential to tackle soon. We believe that other approaches, such as gene silencing mediated by viral vector technology, may greatly contribute to improve these models in order to further test and identify novel treatments for PD patients. 
ACKNOWLEDGMENTS

